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Apart from maximizing the strength of optical electromagnetic fields achievable at high-intensity
laser facilities, the collision of several phase-matched laser pulses has been theoretically identified
as a trigger of and way to study various phenomena. These range from the basic processes of
strong-field quantum electrodynamics to the extraordinary dynamics of the generated electron-
positron plasmas. This has paved the way for several experimental proposals aimed at both
fundamental studies of matter at extreme conditions and the creation of particle and radiation
sources. Because of the unprecedented capabilities of such sources they have the potential to
open up new opportunities for experimental studies in nuclear and quark-gluon physics. We here
perform a systematic analysis of different regimes and opportunities achievable with the concept of
multiple-colliding laser pulses (MCLP), for both current and upcoming laser facilities. We reveal
that several distinct regimes could be within reach of multi-PW laser facilities.
INTRODUCTION
Studies of the interaction between charged particles
with electromagnetic (EM) fields of high intensity has
unveiled a large number of phenomena and has received
a growing attention over the last decade [1–3]. This at-
tention is not only due to the diversity of phenomena
enabled by strong fields but also because of the emerging
experimental capabilities that, apart from collider-type
experiments [4–7], will provide opportunities for perform-
ing experiments in many other configurations. The next
generation of laser facilities, such as ELI Beamlines, ELI
NP, CoReLS, Apollon, XCELS, and Vulcan-10 PW [8–
13], as well as future lepton colliders [14] are expected to
operate in a regime where these phenomena either dom-
inate or significantly influence the interaction.
According to quantum electrodynamics (QED), the ac-
tion of strong EM fields can lead to the photon emission
of an electron (Compton process [15–17]), the photon de-
cay into electron-positron pairs (Breit-Wheeler process
[16, 18, 19]), and the electron-positron pair production
from vacuum (Schwinger process [20–22]). In forthcom-
ing experiments the field intensity can be so high that the
two former processes appear in rapid succession, leading
to a cascaded production of electrons, positrons and high-
energy photons [23–25]. Apart from the shower-type cas-
cade, which implies a repeated divison of the energy of
the initial particle or photon, high-intensity lasers also
open up the possibility for running avalanche-type cas-
cades, in which the electromagnetic fields both acceler-
ate particles and cause the QED processes [24, 26]. Such
cascade can be initiated by the seed particles of ener-
getic particle beams, a background plasma or even by the
Schwinger process. These cascades are fascinating phe-
nomena of rapid transformation of laser and charged par-
ticle beam energy into high-energy photons and electron-
positron pairs.
In order to trigger these processes one needs to reach
certain strength of the electromagnetic field. This raises
the problem of finding the optimal strategy of focusing
laser radiation. One such strategy, first found to be ad-
vantageous for enhancing the electron-positron pair pro-
duction, is the concept of multiple colliding laser pulses
(MCLP) [27]. In this concept, a laser beam is split into
N equal sub-beams that are subsequently combined con-
structively at focus. The energy of the un-split laser
beam E1 is related to its peak electric field E1 and peak
intensity I1 as E1 ∼ E21 ∼ I1. Each sub-beam receives an
energy of E1/N , and, with identical focusing, has a peak
electric field of E1/
√
N and intensity of I1/N . A con-
structive interference of the sub-beams therefore gives
an electric field of EN =
√
NE1, and an intensity of
IN = NI1, which can be significantly higher than for
a single un-split beam. However, for a large number
of sub-beams the peak value of the electric field at fo-
cus EN is obviously constrained by the diffraction limit.
The problem of maximizing the field strength is limited
by the optimal case, which can be viewed as the inversed
emission of a dipole antenna. Therefore, the resulting
field structure is often also referred to as a dipole wave
and represents an accessible form for theoretical analysis
[25, 28, 29].
For monochromatic fields, the dipole wave has been
shown to provide the highest possible field strength
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P/PW for a given power P [30] and it has
also been shown that this field configuration is bene-
ficial for the generation of QED cascades [31–33] (the
field strength is hereafter written in relativistic units
that will be rigorously defined later). Apart from en-
hancing pair production due to the Breit-Wheeler pro-
cess the dipole wave also has the interesting property of
trapping charged particles near the maxima of its elec-
tric field, for sufficiently high field intensities [34]. This
is referred to as anomalous radiative trapping in order
to differentiate from the normal radiative trapping that
occurs at the magnetic(electric) field maxima(minima)
due to gyration of electrons that rapidly exhaust their
energy through radiation losses [35]. It is noteworthy
however that anomalous radiative trapping not only oc-
curs in dipole waves, but is a more universal feature that
originates from the general tendency of charged particles
to align their motion along the radiation-free direction
[36] when they rapidly lose energy and enter into the
radiation-dominated regime [25, 37]. This can even be
observed in simple mechanical systems with strong fric-
tion forces [38]. It has also been recently shown that
charged particles in the strong EM fields formed by two
colliding pulses tend to move along trajectories that are
defined by either attractors or limit cycles [35, 39–42].
This analysis was later expanded to the case of MCLP,
for which similar phase space patterns could be observed
[43]. While such behavior is mostly attributed to in-
tense radiation losses that are typically modeled based
on the classical description of radiation reaction, in terms
of either a Landau-Lifshitz (LL) equation of motion or a
“modified” LL equation [43, 44], the mechanisms behind
the observed phenomena are tolerant to the quantized
nature of emission and similar behaviour has also been
observed in computer simulations based on probabilistic
quantum treatment of radiation losses [34, 36, 39, 40].
A more complete treatment based on simulations that
also account for pair production and therefore QED cas-
cades [45–51] has helped reveal a fortunate interplay be-
tween the cascade and anomalous radiative trapping in
the focus of a dipole wave. The trapping mechanism
causes a migration of particles to the focus where the
strong field makes them gain energy and emit high-energy
photons that in turn have a high chance of decaying into
a pair of particles. Even if the original particle leaves the
system due to insufficient radiation losses, the generated
particles of lower energy might be trapped, replenishing
the overall number of particles undergoing the trapped
motion. This leads to the triggering of self-sustained,
locally confined QED cascades for laser powers as low
as P = 7.2 PW [33], which is drastically lower than the
60 PW required for a prominent appearance of anoma-
lous radiative trapping in single-particle dynamics [34].
For P & 8 PW the exponential growth of the number of
particles in such a trapped QED cascade makes it possi-
ble to reach extreme states of electron-positron plasma in
High-energy photons
Electric field
ElectronsMagnetic field
FIG. 1. Conceptual visualization of the setup, where high
energy electrons (blue) are injected along the axis of an in-
tense dipole wave. In this field, the electrons will emit large
amounts of high-energy photons (yellow). The polarization of
the shown field is that of an electric dipole, with a poloidal
electric field (red) and a toroidal magnetic field (green). Fig-
ure is reprinted from [54].
terms of both high density and high energy of particles
and photons. Moreover, the self-action of the tremen-
dous current produced by counter-propagating electrons
and positrons in the oscillating dipole field leads to the
growth of an instability followed by a collapse into ultra-
thin radial sheets [52] and, for P > 20 PW, into an axial
pinch [53].
The trapping of charged particles at the maxima of
strong EM fields should result in an enhanced emission
of high-energy photons. Indeed, it has been shown that
in the interaction of a dipole wave with an underdense
plasma, a fraction of the plasma electrons gets trapped
at the focus and oscillate along the symmetry axis of the
wave, producing a bidirectional source of GeV photons
[33]. However, the maximum quiver energy of an elec-
tron in this field is γ ∼ 2a0, which implies a maximum
photon energy of ~ω ∼ 0.8√P/PW GeV. This limits the
energy of the emitted photons to a few GeV for upcom-
ing 10 PW facilities. In order to produce photon energies
beyond this limit, in the tens of GeV, the interaction of
a highly energetic electron beam with a dipole wave was
suggested in Ref. [54]. In this configuration it is inter-
esting to note that, above a certain threshold, increasing
the laser power will not lead to a more efficient genera-
tion of high-energy photons. It will instead drive an in-
creasingly stronger shower cascade, hampering the yield
of high-energy photons. In fact, this was shown to also
3be the case for more general field structures and, while
allowing for a higher efficiency, is therefore not exclusive
to the dipole wave. For the purpose of efficiently gener-
ating photons above a few GeV it was found that there
is an optimal laser power of P ≈ 0.4 PW for a dipole
wave, around which ∼ 20% of the initial electrons can be
converted into high-energy photons1.
Altogether, these results show the flexibility of the
MCLP configuration and thereby the possibility of study-
ing several distinct regimes of interaction, depending pri-
marily on values of laser power and electron beam energy.
In this paper we study the interaction of an electron
beam with MCLP, where the beam is directed along the
symmetry axis of the MCLP configuration. This allows
the electrons to reach the highest EM field strengths
without a significant loss of energy or lateral scattering.
The electron beam can therefore remain well collimated
until it reaches the focus of the MCLP configuration (see
Fig. 1), maximizing the chance of trapping electrons in
the EM field as they are exposed to the highest inten-
sity. It also opens up a possibility to study the interac-
tion of charged particle with super-critical fields, which is
currently an active topic of discussion [55–58]. As men-
tioned, this setup is also advantageous for high energy
photon production for certain values of laser power. We
here identify several areas in the (electron beam energy,
laser power) - parameter space, favouring the develop-
ment of shower or avalanche-type cascades, high-energy
photon production or electron beam energy-depletion.
Thus, the proposed configuration may also provide a so-
lution for effectively stopping high-energy electron beams
over micrometer scale distances.
The paper is organized as follows. Section two pro-
vides a brief overview of the analytical form of the dipole
wave together with analytical estimates for the expected
behavior of energetic electrons injected into this field,
based on the LL equations of motion. In section three we
present the results of numerically modelling the interac-
tion using QED-PIC [49]. First, we review the results of
Ref. [54] on the high-energy photon production occurring
at moderate laser powers. Second, we discuss the devel-
opment of the shower-type cascade at high laser powers
and identify different regimes possible within the range
of P < 10 PW and initial electron energies < 50 GeV.
And, third, we present results on efficient electron beam
energy-depletion, based on the analysis of the shower cas-
cade. We conclude in section four and summarize where
different regimes of interaction manifest themselves.
1 We here define high-energy photons as those carrying an energy
equal to or larger than half the initial electron energy.
CLASSICAL MOTION IN A DIPOLE WAVE
FIELD
The EM field of a dipole wave is a three dimensional
structure that in general can be described by an expan-
sion in spherical harmonics around its point of focus.
It is convenient to express this expansion in terms of
transverse magnetic (TM) and transverse electric (TE)
modes, which have toroidal magnetic and poloidal elec-
tric or poloidal magnetic and toroidal electric fields, re-
spectively. The toroidal magnetic and electric fields can
be written in spherical coordinates as [59]
(
Bφ
Eφ
)
=
(
aTM sin t
aTE sin (t+ ϕTE)
)
Jn+1/2(R)L
1
n(cos θ)√
R
,
(1)
where aTM and aTE are the amplitudes of the TM and
TE modes respectively, normalized to relativistic units
meωc/e, ϕTE is the phase difference between the two
modes, c is the speed of light and me and e are the
electron mass and charge respectively. Jν(x) is the
Bessel function and Lln(x) is the associated Legendre
polynomial [60]. Time t is normalized to ω−1 and dis-
tance, R =
√
x2 + y2 + y2, is normalized to k = c/ω.
The poloidal components are readily obtained by mak-
ing use of the relations between the Fourier components
of the electromagnetic fields. The poloidal electric field
in the TM mode is thus obtained from E = ik(∇ × B)
and the poloidal magnetic field in the TE mode from
B = −ik(∇×E). For the analysis of electron motion the
field is however more conveniently expressed in cylindri-
cal coordinates. For the non-trivial configuration of high-
est symmetry, with n = 1, we have
(
Bφ
Eφ
)
=
(
aTM sin t
aTE sin t
)√
2
pi
ρ
[
sinR−R cosR
R3
]
, (2)
where ρ =
√
x2 + z2. The poloidal components of the
electric and magnetic fields are in turn given by
(
Eρ
Bρ
)
=
(
aTM cos t
aTE cos t
)√
2
pi
zρ
[
3R cosR+ (R2 − 3) sinR
R5
]
(3)
and
(
Ez
Bz
)
=
(
aTM cos t
aTE cos t
)√
2
pi
×
[
(2z2 − ρ2)R cosR− (2z2 − ρ2 + ρ2R2) sinR
R5
]
.
(4)
The maximum of the TM(TE) mode is reached at the
centre of the dipole wave, with a value of
√
8/9piaTM
(
√
8/9piaTE), and is directed along the dipole axis.
4FIG. 2. (a) Isocontours of the function Kz in the (ρ, z) plane. (b) The dependence of the function Kz on the radial coordinate
ρ at z = 0. (c) The dependence of the function Kz on the longitudinal coordinate z at ρ = ρ
? ≈ 2. (d) The dependence of the
function Φ on the radial coordinate ρ at z =∞.
Equations of electron motion
The motion of an electron in an EM field is described
by the following equations
p˙ = E+ p×B/γ + grad, x˙ = p/γ, (5)
where x and p are the electron position and momentum,
respectively, and γ = (1 + p2)1/2 is the Lorentz factor.
The momentum p is normalized to mec and the fields
are normalized to meωc/e. The radiation reaction force
grad can for ultra-relativistic motion be written in the
Landau-Lifshitz form [61]
grad = −2αa
2
Sχ
2
e
3γ
p. (6)
Here α = e2/~c ≈ 1/137 is the fine structure constant,
aS = mec
2/~ω is the normalized QED critical field, ~ is
the reduced Planck constant, and the nonlinear quantum
parameter χe is defined as χe =
√|Fµνpν |2/aS [16]. The
EM field tensor is defined as Fµν = ∂µAν − ∂νAµ, where
Aµ is the 4-potential and p
ν = (γ,p) is the 4-momentum
of the electron. In three-dimensional notation the non-
linear quantum parameter reads
χe =
1
aS
√
(γE+ p×B)2 − (p ·E)2. (7)
It follows from Eqs. (6-7) that the expression for the
radiation reaction force can be rewritten as
grad = −radpγ
[(
E+
1
γ
p×B
)2
−
(
1
γ
p ·E
)2]
, (8)
where we for later convenience have introduced the
dimensionless parameter rad = 2re/3λ with re =
e2/mec
2 ≈ 2.82 × 10−13 cm being the classical elec-
tron radius, λ the reduced laser wavelength, and rad =
1.2 × 10−8 for 2piλ = 1µm. The parameter rad charac-
terizes how the radiation reaction affects the dynamics of
a radiating electron.
In order to obtain analytical estimates for the elec-
tron energy under the influence of radiation reaction in
a strong EM field, we turn to the simple case of an ul-
trarelativistic electron rotating in the anti-node of a cir-
cularly polarized electromagnetic wave. In this scenario,
the power emitted is proportional to the forth power of
the electron’s energy mec
2ωradγ
2(γ2 − 1). Simultane-
ously, the electron can acquire energy from the electro-
magnetic field at a rate of mec
2ωa0. The steady-state
condition of balance between the acquired and lost en-
ergy therefore yields a30 ≈ −1rad with the result that radia-
tion friction effects will become dominant in the limit of
large EM field amplitudes, when a0 > arad = 
−1/3
rad . In
this regime, and because of the energy loss, the electron
energy is determined by (see Ref. [62]):
a20 = (γ
2 − 1)(1 + 2radγ6), tanϕ =
(
radγ
3
)−1
(9)
5FIG. 3. (a) The evolution of the electron energy in the EM dipole field according to equation (14) for ρ0 = 0.5 and three sets of
initial electron energy and total power. (b) The dependence of the electron energy on peak amplitude of the EM field according
to equation (9) (solid) and equation (15) (dashed) for three different values of ρ0.
where ϕ is the angle between the directions of the electron
momentum and the electric field. For a0  arad = −1/3rad
the energy of an electron therefore scales as
ε ∼ mec2(a0/rad)1/4 (10)
which may also serve as a rough estimate for the electron
energy in more general EM fields.
Electron energy loss due to radiation reaction
An ultra-relativistic electron crossing a region of strong
electromagnetic fields will lose energy due to radiation
friction, the rate of which is easily obtained from the
equations of motion to be
γ˙ =
1
γ
(p ·E+ p · grad). (11)
In order to emphasize the effects of radiation reaction we
consider the scenario of a strong field a 1 such that the
longitudinal component of the electron momentum dom-
inates over the transverse component acquired in the EM
field, meaning p  a. Writing the electron momentum
as p = pep, the momentum equation will take the form
p˙ = −radp2
[
(E+ ep ×B)2 − (ep ·E)2
]
. (12)
For an electron moving parallel to the symmetry axis (z-
axis) of the MCLP configuration described above, the
equation can be further simplified to
p′ = −radp2Kz(ρ, z), (13)
where the primed momentum denotes differentiation with
respect to the coordinate z and the function Kz(ρ, z) =
(Eρ −Bφ)2 + (Eφ +Bρ)2 governs the distribution of the
radiation reaction force acting on the ultra-relativistic
electron propagating in the z-direction. We now assume
that the field is an equal mix of the TE and TM mode
aTE = aTM = am with no phase difference ϕTE = 0.
The Kz function then takes the form shown in Figure 2.
In particular, the function is equal to zero on the z-axis,
has a ρ2 scaling for small radii ρ  1 and reaches its
maximum of Kz ≈ 0.24a2m at ρ = ρ? ≈ 2, z = 0. The
maximum value of the nonlinear quantum parameter χe
that can be achieved by an electron moving parallel to
the z-axis is 0.49γam/aS . For an electron with initial
momentum p0 the solution to Eq. (13) is then given by
p(z) =
p0
1 + (2/pi)p0rada2mΦ(ρ0, z)
, (14)
where (2/pi)a2mΦ(ρ0, z) =
∫ z
−∞ dz
′Kz(ρ0, z′) (see
Fig. 3(a)). Although equation (13) is at the threshold
of its applicability for the parameters chosen to plot the
curves in Figure 3(a), the evolution of the electron energy
shows a rapid depletion and saturation. We may also
note that for (2/pi)p0rada
2
mΦ(ρ0, z)  1, the momen-
tum p(z) becomes independent of the initial momentum
p0, meaning that the particle in this highly dissipative
system “forgets” about its initial conditions and its final
momentum will tend to
p∞ =
pi
2rada2mΦ(ρ0, z =∞)
. (15)
For the approximations to be valid during the whole in-
teraction process the condition p(z) a0 must be satis-
fied, leading to the requirement that
a0 
(
4
9Φ(ρ0, z)
)1/3

−1/3
rad . (16)
If satisfied, radiation reaction effects associated with the
transverse motion should not play any significant role in
the dynamics.
Based on the results for the final electron energy in
the longitudinal (15) and transverse (9) motion in strong
EM fields and in the presence of the radiation reaction,
we may draw some conclusions on how the electron dy-
namics evolve with increasing EM field power. We plot
6(15) and the solution of (9) in Figure 3(b), revealing two
intersecting curves. The value of a0 at the intersection
point scales as a0 = ath ∼ −1/3rad , which corresponds to
the threshold for the radiation effects to become dom-
inant in the transverse motion of an electron in a EM
field (16). So, for electron beam interaction with MCLP
with a0 < ath, the emission of photons is mostly directed
forward with electrons loosing their energy down to (15),
but not scattering to the sides. For a0 > ath, the elec-
trons will lose energy until the point where their trans-
verse motion becomes important and re-acceleration by
the field can occur. In strong field this motion is charac-
terized by equation (9), which defines such electron mo-
tion, when the electron emits the same amount of energy
as it absorbs from the field per cycle. Moreover, the trap-
ping phenomenon, which is connected to the existence of
stable and quasi-stable trajectories in the field, is only
possible for a0 > ath. Thus, ath ∼ −1/3rad is the threshold
between pure depletion and re-acceleration.
In what follows we test these conclusions in numerical
simulations, employing nQED formalism, i.e., the proba-
bilistic nature of the photon emission by an electron and
electron-positron pair production by a photon in a strong
EM field. It can be expected that, at relatively low peak
intensities of the MCLP configuration, an electron will
lose part of its initial energy upon interacting with the
EM field, but will mainly go through the field and emit
photons along the direction of its propagation. At in-
creasingly higher intensities electrons will be scattered
more strongly sideways, which will also be reflected in
the photon emission directions. At very high intensities
electrons will be scattered in all directions and, therefore,
the photons will be emitted in a 4pi angle. The energy of
the electrons will in this case be characterized by equa-
tion (9). Furthermore, ath should determine the optimal
value for the energy depletion of the electron beam, since
ath is defined as the field strength at which the electron
momentum acquires its minimum value.
INTERACTION ACCORDING TO QED-PIC
To verify the obtained predictions and to analyze the
interaction beyond the made assumptions we turn to sim-
ulations based on the QED-PIC code ELMIS [49]. We
perform a set of simulations in which we vary the to-
tal incoming laser power P and the initial energy ε0 of
electrons passing through the dipole wave. The dipole
wave contains equal parts electric and magnetic modes
with no phase difference, as in Section . It is gener-
ated at the boundary of the simulation box with a wave-
length of λ = 1µm and is supplied a constant (cycle-
averaged) power. The dipole field is then formed through
the self-consistent field evolution, taking into account po-
tential suppression due to pair cascades. The simulation
box was divided into 128 × 128 × 128 cells of (λ/16)3
resolution, giving the simulation box a physical size of
8µm× 8µm× 8µm.
Electrons were injected into the simulation box in
the form of a Gaussian shaped electron bunch with a
L = 5µm FWHM longitudinal and w = 1µm FWHM
transverse size. The bunch is centred on and travels along
the dipole axis with a total charge of 100 pC, correspond-
ing to N = 6.2× 108 electrons. These values are similar
to what is expected of electron bunches obtained from
LWFA (see Ref. [63] and references therein).
As the electrons interact with the EM field photon
emission and electron-positron pair creation is accounted
for stochastically through the rates of nonlinear Comp-
ton and multi-photon Breit-Wheeler. To keep the simu-
lations computationally feasible, photons with an energy
below 2mec
2 are discarded as their chance of pair creation
is minimal and therefore do not further contribute to the
interaction dynamics. A particle thinning routine [64] is
also employed in order to deal with the onset of pair cas-
cades. The interaction is analyzed using data gathered
on all particles inside the main interaction region, defined
as a sphere of radius 3µm centered at the dipole focus,
and statistics is also captured on all particles leaving it.
This data constitutes the main results of this study and
is described in more detail in the following subsections.
The field structure described in Section corresponds to
a dipole pulse driven at a constant power. Since physical
laser pulses are of finite energy and duration, the field
structure can only be approximately described by equa-
tion (2-4) for sufficiently long pulse durations. For more
general temporal shapes, the field structure can most eas-
ily be obtained by generating the (incoming) field in the
far-field region (R  1) and then numerically advanc-
ing this field according to Maxwell’s equations using a
standard field solver (for analytical consideration of this
problem see Ref. [28]). Thus, the electric mode of the
dipole field can be generated in the far-field region using
BED =
3a0
2R
sin(t+R)Ψ(t+R)[nˆ× dˆ], (17)
EED =
3a0
2R
sin(t+R)Ψ(t+R)
[
nˆ× [nˆ× dˆ]], (18)
where Ψ(t + R) describes the temporal envelope of the
pulse, nˆ = R/R and dˆ is the (normalized) dipole vector,
and similarly for the magnetic mode.
Source of high energy photons
For the purpose of discussing the capabilities of the
proposed source we define a generation efficiency measure
based on the total number of photons Nx that escapes the
interaction region with an energy above a given threshold
(εth = xε0). In regimes where re-acceleration is weak an
electron can at most emit one photon with an energy
7FIG. 4. Total number of photons, normalized to the initial number of electrons in the beam (Nεth/ε0/N), detected above an
energy threshold εth of (a) 2mc
2, (b) 2 GeV and (c) ε0/2 at the end of the simulation. (b)-(c) The dotted lines indicate the
optimal laser power as a function of electron energy.
above ε0/2, making N1/2/N a natural measure for high-
energy photon generation as it also becomes bounded by
100%.
The photon generation efficiency is presented in Figure
4 as a function of laser power and electron beam energy
for three different threshold energies. For low thresholds,
Figure 4(a), the measure effectively gives the total num-
ber of photons and shows that it increases with both laser
power and electron beam energy, as could be expected.
For large thresholds, Figure 4(b), this trend is broken and
an optimal laser power, for the purpose of high-energy
photon generation, emerges. The explanation for this is
found by considering the interplay between the Comp-
ton and Breit-Wheeler processes that both increase in
rate with increasing field strengths. While this interplay
initially favours an increasing production of high-energy
photons the fraction of high-energy photons able to es-
cape the interaction region will eventually, for sufficiently
large field strengths, starts to decrease and instead fuel
a shower-type cascade [65].
The efficiency for generating photons above half the
initial electron beam energy (εth = ε0/2) is shown in
Figure 4(c). Similarly to Figure 4(b), there is a region
in which the efficiency initially increases with increasing
laser power, but eventually drops off as the photon de-
cay into pairs begins to dominate. What is even more
interesting is that the optimal laser power is almost com-
pletely flat around a relatively moderate 0.4 PW for a
large range of electron energies, with an efficiency of
∼ 20%. The efficiency was more generally shown in
Ref. [54] to depend on the field shape and field struc-
tures with the greatest intensity gradients where shown
to be superior.
The flatness in optimal power in Figure 4(c) can also be
explained by analyzing the probability of the emission of
high-energy photons through the Compton process. The
differential emission rate in the case of χ 1 and εγ → 1
is [26]
dP e =
α
piλC
me
γ
χ
1/2
e
(1− εγ)1/2 exp
[
−2
3
εγ
(1− εγ)χe
]
dεγ ,
(19)
where εγ is the emitted photon energy normalized to its
maximum value. The dependence of the number of high-
energy photons on electron initial energy can then be cal-
culated as P e1/2(γ) =
∫ εγ
εγ/2
dP e, which demonstrates an
almost flat behaviour for 0.4 PW laser power and electron
energies in the 10-100 GeV range.
The second high efficiency region that can be seen in
Figure 4(c), for ε0 . 1 GeV, is a direct result of reaccel-
eration, which makes multiple emission of photons with
an energy > ε0/2 possible. While this regime lends itself
to larger numbers of such photons their energies are, as
previously discussed, relatively low as they are limited to
only a few GeV.
In Figure 5 we compare the capabilities of the source to
both existing and previously proposed sources. Assuming
an optimal laser power of 0.4 PW and a 10 GeV or 50 GeV
electron beam, and with a physical size and total charge
as specified in Section , the source is shown to be able
to provide a peak brilliance, Figure 5(a), similar to that
of the avalanche-cascade source [33] but at greater pho-
ton energies. For 10 GeV (50 GeV) the peak brilliance is
estimated to 1026 ph/s mrad2 mm2 0.1%BW at 250 MeV
(370 MeV). In comparing it to other Compton sources
it is also instructive to compare them in terms of aver-
age flux Figure 5(b). Assuming a repetition rate of 1 Hz
the proposed source is comparable to current facilities in
terms of average flux, but is able to reach greater ener-
gies. While these aspects allow us to compare the source
to others it fails to capture what is perhaps the most in-
8FIG. 5. Comparison of the dipole-source with existing
sources, in terms of (a) peak brilliance and (b) average flux.
The plots schematically illustrate the properties of existing
(blue) as well as upcoming or planned (solid gray) facilities.
The gray hatched areas show the prospective properties of the
dipole-avalanche source (horizontal) and our proposed source
(vertical), the dipole-shower source.
teresting aspect of the dipole-sources, namely, that the
high-energy photons are produced in dense bunches on
the order of 1020 cm−3.
Onset and occurence of pair-cascades
When an energetic electron beam interacts with a
strong EM field its energy is converted into secondary
electrons, positrons and photons in a process commonly
referred to as a cascade, which can be of either shower- or
avalanche-type. The shower-type corresponds to the case
where the initial energy of particles (or photons) entering
the strong field region is driving the cascade, whereas the
avalanche-type corresponds to the case where the energy
of particles participating in the cascade is continuously
replenished through their repeated acceleration by the
same strong field. Because both types involve a produc-
tion of electron-positron pairs, characterizing the interac-
tion by the number of pairs produced can therefore give
an indirect estimate of the strength of the cascade.
For low initial energies, the electron dynamics is dom-
inated by the influence of the much stronger field (γ 
a0). As the electrons rapidly lose their initial inertia
they can get trapped in this field, where they produce
pairs through their re-acceleration followed by emission
of high-energy photons, initiating an avalanche-type cas-
cade. Due to the probabilistic nature of the QED pro-
cesses it becomes possible to observe a notable yield in
high-energy photon production well below the values of P
required for the dominant appearance of the trapping. As
this trapping becomes self-sustained the comparison be-
comes formally inconsistent because the number of par-
ticles produced inside and emitted out from the dipole-
field continues to grow until the end of the simulation,
necessitating a comparison that takes the finite duration
of the laser field into account. In the case of an electric
dipole, the avalanche-cascade becomes self-sustained for
Pmin ' 7.2 PW [33], but for the electromagnetic dipole
studied here this threshold is increased to beyond 10 PW.
This fact is evident in the absence of a significant pair
production in conjunction with the efficient photon pro-
duction. Nevertheless, as will made apparent in the sub-
sequent discussion, this regime exhibits most other fea-
tures of a cascade, leading us to signify it as an avalanche
precursor.
For larger values of initial energy (γ & a0) this
avalanche precursor no longer appears. This is because
both the injected and the produced particles particles
have a large enough inertia to penetrate through the
high-field region before depleting their energy and get
trapped. As was discussed in Section , the onset of
a shower-cascade ultimately hampers the yield of high-
energy photons in favour of an increasingly larger produc-
tion of pairs. This becomes clear upon comparing Fig-
ure 4(b)-(c), showing the number of high-energy photons
produced, with Figure 6(a), showing the total number of
produced pairs. While the high-energy photon produc-
tion for ε0 & 1 GeV and P & 1 PW drops with increasing
laser power, an increase in either parameter consistently
result in a larger number of electron-positron pairs. The
regimes of efficient high-energy photon production and ef-
ficient pair production are, therefore, clearly separated in
the parameter space and it becomes possible to generate
as many as 20 (40) times the initial number of electrons,
at 10 PW and 10 GeV (50 GeV).
Neglecting the effects of transverse motion and assum-
9FIG. 6. The dependence of (a) the number of generated
electron-positron pairs relative to the initial number of elec-
trons in the beam (N) and (b) the total energy carried by all
particles at the end of the simulation relative to the initial
energy carried by the electrons in the beam, on the initial
electron energy and laser power.
ing that the electron dynamics is fully determined by the
depletion of the electron energy, then the sum of the en-
ergy of all particle species is approximately equal to the
initial beam energy. This is in principle how the notion
of the shower-type cascade is defined, that the energy
supplied to the cascade comes almost exclusively from
the initial particle beam. In our simulations we tracked
the evolution of the total energy carried by each particle
species. It was found that for most values of initial elec-
tron energy and laser power the sum of these energies
at the end of the simulation is approximately equal to
the total energy initially carried by the electron beam.
However, when the laser power approaches 10 PW this
changes significantly, see Figure 6(b). While the com-
bined energy of all the electrons and positrons at the
end of the interaction is either approximately equal to or
smaller than the energy initially carried by the beam, for
most values of ε0, the total energy carried away by the
emitted photons can significantly exceed that of the ini-
tial beam. This becomes especially pronounced for lower
values of ε0, with 12 times the initial energy being emit-
ted as photons in the case of 1 GeV compared to 2.6 times
the initial energy in the case of 50 GeV (both at 10 PW).
This indicates that a significant re-acceleration begins to
develop as we approach 10 PW, especially at low ε0, as
the added energy can only come from the laser field.
To further strengthen this view we may look at the en-
ergy partitioning between the different species at the end
of the simulation, shown in Figure 7. At 1 GeV and 1 PW
(Fig. 7(a)) the electron beam loses 61% of its energy in
the interaction such that the electrons and photons in
the end carry 0.39E0 and 0.62E0, respectively, while the
energy of the positrons is negligible. This means that
the electron beam energy is the predominant source of
energy, while a small additional amount comes from the
acceleration of particles in the EM field. A similar pic-
ture can be seen At 4 GeV and 4 PW (Fig. 7(b)). Here
the electron beam loses 94% of its energy in the interac-
tion, while photons and electron-positron pairs in the end
carries 0.97E0 and 0.14E0, respectively. The final energy,
therefore, amounts to 1.2E0, where the additional 0.2E0
comes from the EM field. As we approach 10 PW the
interaction becomes qualitatively different, with signifi-
cantly more energy carried by photons than by electrons
and positrons. Furthermore, while the total photon en-
ergy quickly saturates for lower values of P , this satu-
ration gets significantly delayed around 10 PW and the
emitted photon energy can be seen to increase until the
very end of simulation at 80 fs.
This change in behaviour is, as already mentioned, con-
nected to a partial trapping of a few charged particles,
which exceed the time it usually takes to escape strong
field region. In this state, they move along quasi-stable
orbits and radiate away the excess energy gained from
the field, giving rise to the demonstrated extraction of
energy from the field despite the absence of a fully self-
sustained cascade. A qualitative explanation is provided
by the analysis presented in Section . If a < ath then the
electrons lose energy down to the value roughly given
by equation (15), with photon emission mainly directed
forward. However, if a > ath then the transverse mo-
tion of the electrons will become increasingly more im-
portant as they lose energy until its roughly determined
by equation (10), where the losses are balanced by re-
acceleration. Due to the transverse nature of this motion,
photons (as well as pairs) will be emitted in all directions,
as seen in Figure 8, and with an energy roughly on the
order of mec
2(a/rad)
1/4, as obtained in equation (10).
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FIG. 7. The temporal evolution of the total energy, partitioned between electrons (blue), positrons (red), and photons (yellow)
for different values of laser power P and initial electron beam energy ε0: (a) 1 PW, 1 GeV, (b) 4 PW, 4 GeV, (c) 10 PW,
10 GeV, (d) 10 PW, 50 GeV. The total energy of the initial electron beam (dashed) and the total energy carried by the
electrons originating from the initial beam (dotted blue) is also shown. Insets represents the same data with a greater vertical
scale.
FIG. 8. The energy-angle distributions of electrons (blue) and photons (yellow) emitted from the interaction for six cases of
laser power P and initial electron energy ε0: (a) 1PW, 1GeV, (b) 1PW, 50GeV, (c) 4PW, 4GeV, (d) 4PW, 10GeV, (e) 10PW,
10GeV, (f) 10PW, 50GeV.
Radiation dominated electromagnetic shield
As shown previously in this section, a prolific produc-
tion of photons occurs as the laser power approaches
10 PW. These photons account for the largest contribu-
tion to the total energy of the final particles, which can
significantly exceed the initial beam energy. At 10 PW
the electrons and positrons, while temporarily trapped in
the field, provide an effective mechanism for transforming
laser energy into γ-ray photons. In Section the energy
loss of a high-energy electron injected into the field is
studied on the basis of classical radiation reaction, sug-
gesting that an electron beam can be effectively stopped
over micron-size distances, as it radiates away most of
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FIG. 9. The energy spectra of electrons (blue), positrons (red) and photons (yellow) at the at the end of the simulation for
three different cases of laser power P and initial electron energy ε0: (a) 1 PW, 1 GeV, (b) 4 PW, 10 GeV, (c) 10 PW, 50 GeV.
Marked is also the initial electron energy ε0 (dashed grey).
its energy. This deceleration, according to equation (15),
improves with increasing laser power. However, as we
have seen, when the laser power is increased there is also
a large production of photons and pairs. For this ra-
diation shield to be considered effective it is therefore
important that the generated particles have significantly
lower energies than the electrons initially in the beam.
The expected electron energy as a function of longitu-
dinal coordinate is presented in Figure 3(a), showing a
rapid energy loss over about a wavelength of propagation
distance. The corresponding quantity from the simula-
tions is the average energy of the initial beam electrons
presented in Figure 7 (blue, dotted lines), but here as a
function of time. Although these simulations were per-
formed with an electron beam of finite length it shows a
very similar trend, centred around 40 fs, and where the
broadening can explained by the ∼ 15 fs duration of the
electron beam. This general, monotonic trend can be
seen to persist even in cases where the trapping of par-
ticles causes a significant generation of electron-positron
pairs, as seen is Figure 7(c).
The energy spectra of electrons, positrons and photons
at the end of the simulation is shown in Figure 9 for a few
different laser powers and electron energies. While the
total amount of energy carried by all species was earlier
demonstrated to increase with laser power, the average
energy of the electrons is here shown to at the same time
decrease. This remains true for a large range of param-
eters and the electron and positron spectra can be seen
to peak at lower values (below 200 MeV) at high power,
despite much greater initial electron energies. The final
average energy (relative to the initial energy, ε0) of elec-
trons is also presented in Figure 10(a) (Figure 10(b)),
further demonstrating how the average energy decreases
with increasing laser power. The only deviation to this
trend can be found at low ε0, around the avalanche pre-
cursor, where the re-acceleration contributes to an in-
creased average energy.
Since the average electron energy for large laser pow-
ers becomes strongly dominated by the energy carried by
the generated pair plasma, it is also instructive to look at
the average electron energy of the electrons originating
from the beam, excluding the electrons produced dur-
ing the interaction, presented in Figure 11. While this
figure in general shows the same trend as Figure 10(b)
there are mainly two things worth noting. First, the av-
erage energy of the beam electrons is greater than that
of the entire ensemble, in practically all of the studied
parameter space. Second, for a given laser power, the
average energy can here be seen to increase with increas-
ing initial energy, after a certain point. This is a direct
consequence of the quantum suppression of radiation re-
action. As the typical χe experienced by the electrons
increases beyond unity, the average radiation loss scal-
ing of χ2e is suppressed to χ
2/3
e . The average radiation
loss, as a ratio over the initial particle energy, therefore
decreases with increasing ε0, causing the shift in scaling
seen in Figure 11 at large ε0.
In terms of numbers, a 1 GeV electron beam subject to
a total MCLP laser power of 0.5 PW loses roughly 50% of
its initial energy, which is similar to the results of recent
experiments on radiation reaction [6, 7]. This energy
depletion rapidly increases with increased laser power,
going as high as 98% for 15 GeV and 10 PW. While
the energy losses decrease with increasing initial electron
energy due to quantum suppression, this dependence is
weak and the depletion is therefore almost constant for
electron energies from 5 GeV to 50 GeV, for fixed laser
power.
Electromagnetic field depletion
At extremely high intensities the electron beam en-
ergy depletion discussed in Section may in principle be
accompanied by depletion of the EM field, as detailed in
Ref. [66]. Over the course of the multiphoton Compton
and Breit-Wheeler processes, which are responsible for
transforming the initial electron beam energy into pho-
tons and electron-positron pairs, a significant number of
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FIG. 10. The dependence of: (a) the average electron en-
ergy; and (b) the average electron energy relative to the ini-
tial electron energy ε0; on the initial electron energy ε0 and
laser power P for all electrons.
photons are absorbed from the EM field. The interac-
tion of an electron beam of sufficiently high charge with
an intense EM field can therefore lead to depletion of the
field energy. Given the high intensities achievable with
the setup considered in this paper, it is not unthinkable
for such a scenario to manifest itself. Based on the re-
sults of Ref. [66], we estimate that for the field depletion
to amount to a sizeable contribution to the interaction
of a 10 PW MCLP field and a 500 MeV (50 GeV) elec-
tron beam, the number of particles in the beam should
be 1013 (1011). For a 100 pC electron beam in the energy
range studied in this paper, the peak field of the MCLP
setup must exceed the Schwinger field in order for the
field depletion to become significant. Given the param-
eters considered here the interaction therefore not allow
for field depletion to manifest itself.
FIG. 11. The dependence of the average electron energy, rela-
tive to the initial electron energy, on the initial electron energy
ε0 and laser power P for the electrons originating from the
initial beam.
DISCUSSION AND CONCLUSIONS
In this paper we studied the interaction of a relativistic
electron beam with multiple-colliding laser pulses. This
interaction is highly nonlinear and is further complicated
by the dynamic interplay of strong field QED effects. We
showed that depending on the interaction parameters,
initial electron energy and laser power, the interaction
can demonstrate a number of different regimes: (i) pro-
duction of dense beams of high-energy photons, (ii) trig-
gering shower-type cascades for reaching extreme states
of generated electron-positron plasmas, and (iii) electron
beam energy depletion. These regimes, summarized in
Figure 12 in a map over the studied parameter space,
are the result of the balance in relative strength between
the separate processes.
For low electron beam energies, the dynamics is shown
to be dominated by the deflection and acceleration of
the particles in the strong field. For increasingly greater
field intensities, particles are trapped in the field focus
for longer periods of time, giving rise to an avalanche
precursor that becomes self-sustained at yet higher in-
tensities, as discussed in Section . The trapping pro-
vides an efficient source of both electron-positron pairs
and high-energy photons but because the particle ener-
gies is limited by the re-acceleration provided by the field,
this regime has a reduced efficiency for producing pho-
tons with energies above a few GeV.
At high initial electron energies, multi-GeV photons
can be efficiently produced. This efficiency is optimal
around 0.4 PW, as greater laser intensities shifts the bal-
ance between the Compton and Breit-Wheeler processes
in favour of pair production, hampering the photon yield
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for the benefit of a shower-cascade. As shown in Ref. [54],
the remarkable localization of the field provided by the
dipole wave plays a crucial role in attaining this balance
at low laser power and for achieving an overall high ef-
ficiency of the high-energy photon production. We here
compared the capabilities of the source to existing and
previously proposed sources, see Figure 5. It is shown to
be able to provide a peak brilliance and average flux sim-
ilar to conventional synchrotron sources, but at greater
photon energies. Another important aspect of this source
is the fact that the photons are generated in bunches of
high density (∼ 1018 cm−3 using LWFA bunches), clean
from heavy charged particles and neutrons, naturally ac-
companying bremsstrahlung sources. It also provides the
possibility to create beams with at least a partial polar-
ization of photons, by letting the electron beam pass the
focused field off-center such that the radial acceleration
of electrons leads to the presence of a predominant polar-
ization direction. This can be important for experiments,
e.g. on Delbru¨ck scattering [67].
Two more regimes can be identified at high intensi-
ties. First, the shower-type cascade, discussed in Sec-
tion , occurs when the energy of an electron beam is
predominantly transformed into electron-positron pairs.
As the high energy electrons of the initial beam enter
the dipole field, they begin to lose energy through multi-
ple emissions of photons. These photons then decay into
electron-positron pairs, which themselves have enough
energy to emit photons. At about 8 PW the number of
electron-positron pairs is an order of magnitude larger
than the initial number of electrons and this number in-
creases rapidly with both increasing laser power and ini-
tial electron energy. Second, the large emission of pho-
tons at high intensities suggests a fast depletion of the
electron beam energy. In Section the field structure is
predicted to be able to effectively stop the electron beam
over about a wavelength of propagation distance. As
discussed in Section , the electron energy losses are max-
imized for high intensities and around 15 GeV, reaching
as high as 98% of the initial energy, as the quantum sup-
pression of radiation emission reduces the relative energy
losses at sufficiently large initial electron energies.
To conclude, in this paper we showed that the high-
field MCLP configuration together with high-energy elec-
tron beam provides not only an advantageous frame-
work for studying strong field QED phenomena, but also
demonstrates the ability of this configuration to advance
possible applications, in particular, as a source of high-
energy photons. We showed that the MCLP configura-
tion makes it possible to study strong field QED phe-
nomena starting from single emission processes to multi-
staged ones involving significant transformation of laser
energy into emerging electrons, positrons, and photons.
This is why the outlined prospects of using the MCLP
configuration, together with previous theoretical findings
[25, 29, 31–34, 41, 52, 53], provide a strong motivation
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FIG. 12. The occurrence of different regimes in the interaction
of a high energy electron beam with MCLP in the parameter
space of initial electron energy ε0 and total laser power P :
(i) high-energy photon generation (contours of the number of
high-energy photons normalized to the number of initial elec-
trons, solid); (ii) shower-type cascade (contours of the number
of e−e+ pairs normalized to the number of initial electrons,
dashed); (iii) electron beam energy depletion (contours of the
final electron beam energy as percentage of the initial electron
beam energy, dotted). The contours of efficient high-energy
photon generation occupy two separate regions: (1) the effi-
cient generation of multi-GeV photons using electron beams
of high energy; and (2) an avalanche precursor, characterized
by a partial trapping and re-acceleration of particles, provid-
ing efficient generation of few-GeV photons.
for implementing more advanced and challenging focus-
ing geometries, such as the dipole wave, in order to make
better use of the produced laser radiation at large-scale
laser facilities.
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